A two-dimensional (2-d) mathematical model describing the effect of biofilm development on the performance of a spiral-wound reverse osmosis (RO) membrane device was developed. The micro-scale model combines hydrodynamics and mass transport of solutes (salt and substrate) with biomass attachment, biofilm growth and detachment due to mechanical stress induced by liquid flow in the feed channel. The model explains several experimental observations when operating at constant pressure: loss of permeate flux with increased salt passage in time and achievement of a quasi-steady state flux and biomass amount. The model also shows how the local balance between biofilm growth and detachment leads to irregular biofilm distribution in the feed channel and suggests places where most biomass accumulation is expected. Numerical simulations were performed in configurations without spacer or with different spacer geometries (submerged, cavity and zigzag). Three mechanisms were identified by which biofilms on RO membranes contribute to performance loss: (i) biofilm-enhanced concentration polarization; (ii) increased hydraulic resistance to trans-membrane flow; and (iii) increased feed channel pressure drop. For seawater and brackish water desalination, biofilm-enhanced concentration polarization appears to affect most the local flux. This modeling approach, combining computational fluid dynamics (CFD) with biofilm models allows a systematic study of biofouling in membrane systems. Moreover the approach is useful for improving feed spacer design and to evaluate operational conditions for minimum biofouling of reverse osmosis and nanofiltration (NF) membrane devices.
Introduction
The scarce availability of clean water in certain areas has led to an increased interest for fresh water production via desalination of brackish and seawater or, e.g., treated wastewater. In recent years, reverse osmosis (RO) has become the leading global technology to desalinate water because of the significant progress in membrane technology and the advantages RO offers compared to thermal desalination techniques [1, 2] .
From brackish water, with salinity between fresh and seawater, drinking water can be produced at lower energy costs than from seawater. For this reason, most of the desalination plants use brackish water as feed [3] . Main limitations for RO use in desalination are high-energy consumption and strong tendency to membrane fouling [4] . Several forms of fouling were recognized: (i) mineral scaling (salt precipitation from supersaturated solutions), (ii) colloidal fouling (cake formation by suspended particles), (iii) organic fouling (due to the presence of natural organic matter) and (iv) biofouling (accumulation of biomass over a tolerable amount due to growth of microbial films -called biofilms). Most often these forms of fouling influence each other and do not occur independently. While scaling and colloidal fouling can be prevented with adequate water pretreatment, biofouling remains a major concern in RO membrane plant operation [5, 6] . Biofouling affects not only the quantity (declined permeate flux) and quality (increased salt passage) of produced water, but also the associated operational costs by increased pressure drop over the feed channel [7] .
The way biofouling deteriorates the membrane process performance has been studied mainly experimentally. Multiple causes were identified: additional hydraulic resistance for the transmembrane flow [8] , biofilm-enhanced concentration polarization [9, 10] and increased feed channel pressure drop [11] .
As the membrane is permeable for water but it rejects most of the solute, a thin layer of concentrated solutes termed concentration polarization (CP) layer forms near the membrane surface. CP layer substantially decreases the permeation driving force by increasing the osmotic pressure at the membrane surface. Direct measurements of solute gradients near the membrane are limited, in spite of several techniques available for in situ monitoring [12] . Due to difficulties in measuring the CP layers for reverse osmosis membranes, this issue has been mainly addressed by modeling studies [13, 14] . With the exception of Chong et al. [10] , none of the proposed models explicitly included biofilm presence. The classical film theory can provide a quick estimate for concentration polarization in open channels (no spacers, no biofilms), but for more complex geometries (i.e., containing spacers or geometrically irregular biofilms) a numerical approach is needed [15] .
Herzberg and Elimelech [9] suggested that the biofilm could contribute to an enhanced concentration polarization by hindering back diffusion of salts to the bulk liquid. Kim et al. [16] presented an analytical model for solute transport within the biofilm. Their results indicated that the EPS may be important in hindering the back diffusion of solutes from the membrane surface. The work of Chong et al. [10] gave a measurement of the average CP value, using a tracer technique. In addition, they attempted to create a simple model to predict the membrane system performance in the presence of homogeneous and constant thickness biofilms covering the membrane. This situation may only occur in the absence of a feed channel spacer, whereas in field applications where the spacer is needed to separate the membrane leaves, a more "patchy" biofilm forms [11, 17] . Therefore, the development of a more elaborate model in two or three spatial dimensions is needed for a better description of experimental observations.
The recent development of sophisticated CFD (computational fluid dynamics) packages enabled three-dimensional (3-d) studies of the influence of spacer geometry on the flow and mass transfer [18] [19] [20] [21] [22] . However, the effect of biofilm growth on the hydrodynamics has only recently been incorporated in a three-dimensional model of biofouling in RO systems [23] and qualitatively compared with experimental data [24, 25] . In these studies, the membrane fouling simulator was operated without permeation, so the CP phenomenon could not be addressed. Moreover, the influence of biofilm growth on flux decline and solute rejection in an RO system has not been systematically evaluated by numerical approaches.
The objective of this work was to develop, based on first principles, a spatially two-dimensional (2-d) numerical model to study the dynamics of global and local impact of biofouling in a reverse osmosis membrane device. The model describes: (i) the flux loss and (ii) pressure drop increase in time, and (iii) the salt rejection decline, as a result of a growing biofilm with different feed spacer geometries, for brackish water desalination. We also investigated the local consequences of biofilm development on the membrane performance. In particular, the relative contributions of biofilm hydraulic resistance to trans-membrane flow, biofilm-enhanced concentration polarization and increased feed channel pressure drop were evaluated. The numerical approach can be useful, as it allows uncoupling of several phenomena and contributes thus to a better understanding of the mechanisms through which the biofilm can affect membrane system performance.
Model development
In this study we build up a numerical model and investigate by computer simulations the role of biofilms in the decrease of performance of spiral-wound reverse osmosis membrane devices. Hereby we focus on application to brackish water desalination. However, the model is also relevant for other reverse osmosis and nanofiltration applications. The model includes two-dimensional liquid flow through the feed channel and permeable membranes, coupled with the mass transport of solutes, together with the biofilm development.
Model geometry
Previous studies have shown that a fully three-dimensional (3-d) description of flow and mass transport is needed to have a correct quantitative representation of the process [23, 24] . However, 3-d models including concentration polarization in complex geometry and biofilm growth in time would currently be computationally very demanding. Because steep concentration gradients near the membrane surface must be calculated on a very fine mesh, large number of variables, large memory and relatively long computing times are needed. We believe therefore that a two-dimensional (2-d) model is a good initial compromise between the calculation time and model realism. It is usually accepted that 2-d calculations can be a screening device for future evaluations of more complex geometries and, at the same time, allow the effect of numerical parameters and modeling assumptions to be studied [26] .
Although not completely realistic, the two-dimensional geometry can still provide useful approximations in some particular cases. For instance, slices cut through a woven spacer in ladder configuration (Fig. 1A) lead to 2-d geometry known as "zigzag spacer" (Fig. 1B) [26, 27] . Another studied configuration [26] is the "cavity spacer" (Fig. 1B) resulted from a cut through the non-woven ladder spacer (Fig. 1C) . A slice cut through a spacer having the axial filaments thicker than the transverse filaments ( Fig. 1E ) can lead to the 2-d geometry known as "submerged spacer" (Fig. 1F) . These are just a few examples, as other spacers used in practice or reported in the literature could also be approximated by one of these simplified 2-d geometries. The validity of the 2-d approximation for some cases was discussed in [28] . In addition to these configurations with spacer, the empty channel (i.e., channel without spacer) was also evaluated in simulations presented in this paper.
An example of model geometry is shown in Fig. 2 , for the submerged spacer case. The geometrical characteristics chosen for this study are representative in practice in the case of spiralwound reverse osmosis processes [11, 24, 26] . The channel height is L Y = 1 mm. The length of the modeled channel (L X = 15 mm) is small compared to the membrane module used in practice. The effect of the curvature of the module is neglected, as some studies have emphasized that fluid dynamics is not significantly different in flat and curved channels [18, 29] , while others suggest possible influences [30] . The spacer filament diameter d s is chosen so that d s /L Y = 0.5; the distance between two consecutive filaments L s equals 4 times the channel height. In the computational domain, no spacers were placed near the liquid inlet or outlet to ensure a fully developed flow upstream the spacer array and to avoid the outlet interference with the flow recirculation regions after the last spacer filament. We consider for computational convenience the whole domain divided into two sub-domains: biofilm B and bulk liquid L .
Model equations

Fluid flow
Due to the geometrical complexity when including spacers in the channel and especially when irregularly shaped biofilms develop, the flow pattern in the liquid sub-domain L must be calculated directly from the incompressible Navier-Stokes equations, for laminar regime:
where u is the vector of local liquid velocity (with u and v the velocity components tangential and normal on the membrane, respectively), p is the pressure, is the liquid density and Á is the liquid dynamic viscosity. The assumption of a steady-state laminar flow is justified at the Re numbers used in the simulations (Re ≈ 160). At higher Re, unsteady flows would develop, as shown in [31] .
For the flow calculations, the biofilm sub-domain B was assimilated with a porous medium, having a permeability Ä = 10 −16 m 2 and a porosity ε = 0.8. Brinkman flow was assumed through the Table 1. biofilm [32] :
The dependence of different physical parameters (i.e., liquid viscosity and density) of solute concentrations needs to be considered in both sub-domains (see Table 1 ), as the salt concentration near the membrane can reach values up to 2-5 times higher than in the bulk liquid. This necessity was underlined by the work of Lyster and Cohen [14] . Consequently, the flow velocity is also influenced by the local concentration of salt, which in turn is altered by the hydrodynamics (because the flow determines the convective transport of salt).
At the inlet (x = 0) a fully developed laminar velocity profile (parabolic) is specified with an average velocity, u in = 0.1 m s −1 , value kept constant in time. The liquid velocity through the membrane is the velocity component v (normal to the membrane), which takes variable values at different positions x along the membrane length. At the membrane surface, the tangential velocity u is set to zero. This results in the following boundary conditions on the lower membrane:
and on the upper membrane:
The local permeate flux, v, is proportional with the transmembrane pressure p (or TMP), counteracted by the osmotic pressure created by the concentration polarization. The proportionality coefficient is the membrane permeability L P . The local TMP is defined as the difference between the local pressure on the feed side on the membrane and an assumed constant permeate pressure p P = 1 bar (100 kPa), so that p = p(x, 0) − p P or p(x, L Y ) − p P . The osmotic pressure difference is proportional (osmotic coefficient B) to the salt concentration difference on the two sides of the membrane: meability was smoothly allowed to change from zero to L P . No slip conditions were imposed on the spacer surface, i.e., u = 0. Flow continuity was assumed at the biofilm surface. On the outlet boundary (x = L X ) the pressure is set constant to p out .
Mass balances
The salt and substrate are assumed to be the only soluble compounds relevant for the scope of this study. Salt is chosen because it is the main contributor to concentration polarization. The substrate is needed because changes in its availability determine the development of different biofilm structures. The mass balance for salt (concentration C) in the channel includes transport by convection and diffusion (Eq. (5)). For the substrate, besides transport, there is also consumption due to microbial growth (Eq. (6)). In this first approach only one substrate (e.g., organic compounds) of concentration C S limits the biofilm growth.
For the salt, the diffusion coefficient D depends on the local concentration C (Table 1 ). However, due to the very low concentrations of substrate the diffusion coefficient D S is considered constant. For simplicity, we assume the same diffusion coefficients in the bulk liquid and in the biofilm sub-domain. For substrate consumption, a simple Monod kinetics was used:
The reaction rate parameters (the yield Y SX , the maximum specific growth rate m and the half saturation coefficient K S ) are set as for heterotrophic microorganisms according to activated sludge models (Table 1 ) [33] . The local biomass concentration in the biofilm C X results from the biofilm sub-model. Possible substrate consumption by suspended biomass in the liquid is neglected. On the inlet boundary (x = 0) the brackish water contains salt and the limiting substrate with concentrations C in and C S,in , respectively, and these concentrations are constant in time. No-diffusion conditions (D(∂C/∂x) = 0, D S (∂C S /∂x) = 0) apply on the outlet boundary (x = L X ). The whole spacer surface is considered as impermeable wall (zero-flux condition). The convective flux of solute toward the membrane (at y = 0 and y = L Y ) equals the sum of the diffusive back transport of solute and the convective flux passing through the membrane [7] .
The same membrane rejection coefficient, R = 0.98, was assumed both for salt and substrate. Flux continuity applies on the biofilmliquid interface.
Biofilm sub-model
As a biofilm develops on the membrane and spacer surface, the concentration and velocity fields in the channel will change. On the other hand, biofilm development is influenced by substrate availability and hydrodynamic conditions. Microbial cells grow and divide if nutrient is supplied and are detached if they are exposed to high shear stress induced by liquid flow.
We adapted here the discrete biofilm model by Picioreanu et al. [34, 35] . The new model includes biomass accumulation by growth, transport and biofilm/liquid transfer (e.g., attachment and detach-ment). In this approach, the whole computational space is divided on a grid of square elements. In the biofilm domain the squares contain biomass with a concentration C X , whereas in the liquid space C X = 0. The interface between the bulk liquid and the biofilm is a moving boundary, resulting from biomass growth and transport, coupled with attachment and detachment processes.
Biomass attachment is included here with a constant rate of r X,att = 5 × 10 −3 (C-mol biomass) (m −2 module) day −1 . For the model solution this is equivalent to 5 grid elements containing biomass newly added each hour. The attachment place is chosen randomly: on the membranes, on the spacers and on existing biofilm colonies.
Biomass growth occurs in each square element containing biofilm with the rate r X correlated to the substrate consumption rate (Eq. (7)):
It was assumed that the osmotic stress (caused by high salt concentrations) does not inhibit biomass growth. If natural selection takes place, only microbial strains resistant to high salt concentration will grow in the channel. In addition, it has been proved by Chong et al. [10] that the viability of certain bacterial strains is not affected by high concentrations of sodium chloride (up to 10,000 ppm).
Biomass transport takes place when the local biomass concentration exceeds a critical value C X,m . The redistribution of biomass in space is performed using the cellular automata algorithm described in [34] .
Biomass detachment is based on internal stress created by moving liquid past the biofilm. The model was described in detail in [35] , thus only the main assumptions will be presented here. The biofilm is considered a solid elastic material in a state of plane stress (because of the 2-d geometry). After solving the liquid flow (Eqs. (1) and (2)), the load forces on the biofilm surface are known. The biofilm-membrane and biofilm-spacer interfaces are fixed (no movement). The plane stress equations are solved for the mechanical stress (see [36] ).
Biofilm breakage was considered to occur when the calculated Von Mises stress [36] in a certain biomass element is higher than a threshold stress det corresponding to the cohesive strength of the biofilm. In this stage, detachment means that all biomass elements (squares) where > det are removed from the biofilm, their place being taken by liquid. We assume that detached biofilm patches are quickly taken away by the flow and washed out from the system (i.e., no filtration effect taken into account). This detachment stage resembles biofilm erosion. In a second stage, all suspended biomass (i.e., no longer connected to a solid surface -either biofilm or membrane or spacer) is also removed in a process resembling the biofilm sloughing.
Model parameters
For the case study reported in this work conditions applicable to brackish water desalination were chosen: inlet salt concentration 40 mM NaCl [3] , operating pressure set to 15 bar in the outlet [3] , average inlet flow velocity of 0.1 m s −1 [10, 11, 14] , and a membrane permeability of 9.7 × 10 −12 m Pa −1 s −1 [14] . The salt and substrate membrane rejection coefficients were set to 0.98, which is in the range of values reported in the literature for RO processes [3] . The effect of different rejection coefficients, different salt concentrations and operation pressures on biofouling will be investigated in future studies. A relatively high value for the concentration of substrate in the inlet was deliberately chosen (0.25 mM), in order to achieve substantial biomass accumulation over a short period of time (strategy used also in several experimental studies on membrane biofouling [9, 37, 38] ). Physical properties ( , Á, and D) were a function of salt concentration, according to the expressions proposed in [14] . A constant value for the substrate diffusivity D S was assumed, similar to the diffusion coefficient for acetate [44] .
While operational conditions and the liquid and solute physical parameters are rather well characterized, the biofilm-related parameters are in general less known and reliable. Typical biokinetic parameters ( max , K S , Y SX ) and biofilm biomass density (C X,m ) were selected as for heterotrophic microorganisms (cf. activated sludge models, [33, 44] ). Biofilm permeability is an important parameter, not very well characterized experimentally yet. Values in the order of 10 −15 m 2 are currently accepted for bacterial cell cakes, while the extracellular polymeric substances (EPS-like gels) are less permeable, e.g., 10 −16 to 10 −17 m 2 [8, 39] . The value assumed here (10 −16 ) corresponds to a biofilm matrix containing bacterial cells and EPS [8] . Biofilm mechanical properties (E and P ) cannot be easily measured so we chose values according to Picioreanu et al. [35] . Biofilm detachment is still a subject of ongoing research [40] . The value selected for the threshold stress for detachment is in the range of values reported in [41] . Finally, a constant biomass attachment rate was chosen for inoculation, sufficiently high to ensure that the biomass is not completely removed in the initial biofilm formation stage. However, in our simulations, in later biofilm phases the chosen attachment rate has no significant influence on the overall biomass accumulation in the system.
Model solution
The model was solved by combining MATLAB (MATLAB 2008b, Mathworks, Natick, MA, www.mathworks.com) code with the finite element method implemented in COMSOL Multiphysics (COMSOL 3.5a, Comsol Inc, Burlington, MA, www.comsol.com). Own Java code was used for the cellular automata biofilm model. The main steps of the algorithm are presented in Fig. 3 .
The first section of the MATLAB framework defines the model input parameters and the feed channel geometry with or without spacers. In the second section, the model equations with corresponding boundary conditions are defined and solved at different times, corresponding to different biofilm structures. The biofilm structure develops in a time loop, determined by the local substrate availability and hydrodynamic conditions (the chosen time step was t = 2 h). A sequential approach was used (Fig. 3) based on the assumption that a time scale separation of hydrodynamics, mass transport and biomass growth can be considered when characterizing biofilm development [46] .
At any time t the following sequence of calculations was used:
(a) The liquid and biofilm sub-domains are defined, together with the model equations and the boundary conditions for the current geometry. For this, the following COMSOL application modes were constructed: (i) incompressible Navier-Stokes for momentum transport, (ii) convection and diffusion for mass transport of salt and substrate and (iii) plane stress for detachment. (b) The finite element mesh is created according to the specifications for maximum element size in the sub-domain and on the membrane boundaries. As stated in previous studies [14, 47] , a non-uniform mesh is needed to obtain accurate solutions for mass transfer due to high concentration gradients near the membrane. Preliminary simulations established that a minimum mesh size of 5 m on the membrane surface is sufficient for mesh convergence. The mesh size is increased towards the bulk liquid up to a maximum of 30 m. An example of finite element mesh used for calculations is illustrated in Fig. 2B . Because the mesh is re-created at each iteration (as the biofilm geometry changes), the number of finite elements , (a) first the sub-domains, equations, boundary conditions are defined, then (b) the finiteelement mesh is created. Next, (c1) the hydrodynamics and mass transport for salt are simultaneously solved, followed by (c2) the solution of substrate transport and reaction. Based on the resulted substrate distribution, (d1 + d2) the biomass grows and spreads according to the cellular automaton mechanism. (d3) Mechanical stress in the biofilm is calculated and detachment steps are repeatedly performed (remeshing after each step), followed by (d4) biomass attachment (newly attached biomass shown in red). Finally, time is updated and with the newly obtained biofilm geometry the whole cycle is repeated. The flux, salt passage and passage and feed channel pressure (FCP) drop are calculated from results of step c1. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of the article.) was also variable between approx. 200,000 and 270,000 elements.
The biofilm (spatial distribution of attached biomass) is also discretized on a grid of square elements with fixed size of 10 m. A spatially variable biomass function C X (x,y) is constructed on the triangular finite element mesh by linear interpolation from the square grid. (c) The liquid flow equations (Eq. (1)) and the mass balance for salt (Eqs. (5) and (8)) were solved simultaneously in steady state conditions to get u, p, and C for a given geometry of the biofilm matrix (Fig. 3) . A fully coupled approach is needed because the liquid properties ( , Á) used in Eqs. (1) and (2) depend on the salt concentration C, which in turn is influenced by the flow. The substrate concentration C S is then calculated separately because we assumed that the physical properties of the brackish water do not depend on C S . (d) Biofilm development after initial biomass attachment was calculated by a sequence of steps: 1. biofilm growth to obtain the new biomass distribution C X (t + t,x,y) from C X (t,x,y) and the previously calculated substrate concentration C S (t,x,y). 2. spreading (transport) of biomass by cellular automata algorithms implemented in own Java code, as described in [34] . 3. biomass detachment as a result of mechanical stress induced by the liquid flow. First the flow pattern is recalculated for the new biomass distribution resulted after spreading. The biofilm surface is a sub-domain boundary loaded with forces generated by the flowing liquid. The Von Mises stress calculated on the triangular finite element mesh is then mapped to the square elements discretizing the biofilm. In this stage, detachment means that all biomass elements (squares) where > det are removed from the biofilm, their place being taken by liquid. After a detachment event a new biomass distribution C X results, the biofilm sub-domain boundaries change and the flow field and mechanical stress must be recalculated. Several detachment steps are performed until the mechanical equilibrium is reached (i.e., no detachment takes place anymore). 4. attachment of new biomass was performed by placing new biomass in a fixed number of grid elements occupied by liquid, at places randomly chosen on the membranes, spacers and on existing biofilm colonies.
The algorithm steps (d1-d4) update the biomass distribution on the square mesh, re-shaping the system geometry. With the new biofilm geometry obtained, a new time step starts at step (a). Simulations were carried out until the biofilm attained a quasi-steady state, i.e., when the biofilm reached an almost constant average thickness. All model calculations reported here were performed on a HP workstation with two Intel Xeon E5430 quad-core processors and 32 Gb RAM. Typical run time for one simulated case is ∼3 days.
Results
Two-dimensional simulations with biofilm formation using different feed channel geometries (without spacer and with three spacer configurations) were performed. We studied the impact of the biofilm developed in the membrane device on the flux, permeate quality and feed channel pressure drop under different conditions. Various mechanisms by which the biofilm contributes to performance decline were identified and discussed.
3.1. Biofilm development in the feed channel 3.1.1. Biofilm formation It has been shown by several studies that there is a mutual influence between biofilm development and liquid flow [23, 48, 49, 50] . In all cases simulated here, small colonies appear initially in isolated places on the membrane and on the spacer (Fig. 4, 3 days and Supplementary Material, Movie1.avi). After a few days, for the cavity spacer configuration the biofilm colonizes the spacer surface and expands sideways. As a result of detachment due to high shear, there is no biomass on the upper membrane in places opposite to the spacer (Fig. 4, 9 days) . Finally, a quasi-steady state is achieved in the biomass developed in the channel when the biomass growth rate is balanced by the detachment rate (Fig. 4, 13 and 15 days) . The quasi-steady state in biofilm thickness has been previously reported in many other biofilm applications, both by experimental [48, 51] and modeling studies [35, 52] . Due to the few stochastic elements in the model, differences between runs started with different seeds of the random number generator can occur. However, it has been shown that the only differences occur after the first biofilm sloughing events and eventually, the same "noisy steady state" is reached [53] .
Model results demonstrate that spacer presence and arrangement has an important influence on the steady state biofilm distribution pattern in the feed channel (Fig. 5) . In the channel without spacer the colonies merge into a continuous biofilm (Fig. 5A and Supplementary Material, Movie2.avi). In the spacer-filled channel, the biofilm pattern depends on the spacer configuration. For the submerged configuration, no biofilm develops on the membrane at places above and below the spacer. Rather, a quasi-uniform layer is formed on the membrane between the spacer filaments ( Fig. 5B and Supplementary Material, Movie3.avi). Interestingly, in this configuration, streamer-like biofilms start developing behind the filaments, resembling structures observed experimentally [24] . However, in the simulations these streamers easily break off, because in the model the biofilm is considered a brittle material. In reality, the biofilm behaves closely to a viscoelastic material [54] allowing vibrations without breaking ( [45] experimental work; [55] theoretical model). The biofilm formation in zigzag and cavity configurations shows similar tendencies ( Fig. 5C and D) : the biofilm seems to be held together by the spacer filaments (Supplementary Material, Movie4.avi). This shielding effect leads to significantly more biomass in zigzag and cavity configurations compared to the submerged spacer.
Substrate distribution
Biofilm development is mainly determined by two factors: substrate availability which influences biomass growth and hydrodynamic conditions which affect biomass detachment (in addition to substrate transport). Fig. 6A shows the substrate distribution corresponding to a biofilm structure at t = 8 days. In this stage, substrate depletion occurs in all the colonies situated on the membrane or on the spacer. On the contrary, the substrate concentration is higher on the membrane than in the bulk liquid in places without biofilm (Fig. 6B -zoom -see concentration profile I next to the lower membrane, y = 0). This clearly demonstrates that the rejected substrate accumulates at the membrane surface (i.e., forming a substrate polarization layer). It should be noticed that the smaller microbial colonies benefit from a high substrate concentration in their vicinity: compare upper and lower colonies along line I in Fig. 6B and the substrate profiles along line I in Fig. 6C . As biofilm thickness increases, the overall substrate consumption rate will dominate over the substrate accumulation due to polarization, so that the substrate levels next to the biofilm-liquid interface will be lower than in the bulk. Most of the biofilm is substrate-limited, so that growth occurs only in a thin outer layer (the "active layer").
Biomass detachment
The biofilm detachment is based on shear stress calculations. Fig. 7 illustrates the evolution of stress in a colony and the subsequent biofilm structure modifications because of detachment. The colony side frontally exposed to flow suffers from the highest stress and consequently will be removed first. High stress levels appear also near the biofilm surface leading to gradual biofilm erosion. Eventually, the biofilm reaches a streamlined shape, with overall lower levels of internal stress. This situation lasts only a limited period of time because re-growth in the detachment areas will again increase the biofilm thickness. Thicker biofilms lead to larger fluid velocity and consequently to increased shear forces, which will trigger new detachment events. Due to this sequence of events, when approaching the steady state, fluctuations in the total biomass amount can be noticed. These are mainly the result of massive detachment events, called sloughing. These trends were also described by other biofilm studies, both experimental [48, 51] and theoretical [35] . As measurements of biofilm mechanical properties (i.e., Poisson ratio, elastic modulus, critical strength for detachment) are difficult, scarce and controversial in literature, this semi-empirical detachment model can be regarded here only as an adequate method for balancing biofilm growth. 
Effect of biofouling on global membrane performance
Two main indicators for a membrane process performance are the permeate flux and salt passage in permeate. We calculated the Fig. 7 . Illustration of the mechanical stress (Von Misses) in a biofilm colony and the subsequent successive detachment events at times between 242 and 260 h. Most stress is concentrated near the biofilm surface, leading to erosion: detachment of small biofilm surface pieces. Areas facing frontally the flow experience also high stress, leading to sloughing: fast detachment of larger biofilm chunks. Biofilm regrowth after detachment is also visible. In this example, the biofilm at 260 h reached a hydrodynamic shape that is rather stable mechanically. Note: The color scale is logarithmic. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of the article.) average flux J (L m −2 h −1 ) by integrating the local permeate velocity (v) over the length of which microbial attachment was allowed (between 9% and 86% of L X , i.e., L i and L f , respectively) for both lower and upper membranes:
The salt passage is expressed by the average salt concentration (mol m −3 ), calculated also by integration of salt flux across the membranes, divided by the total permeate flux:
Permeate flux
For spacer-filled channels without biomass (e.g., at the initial operation stage), the highest flux was obtained in the submerged spacer configuration (Fig. 8A ). This observation is also supported by other modeling studies [30] . In reality, the axial filaments neglected due to the 2-d approximation will also affect the global permeate flux. In addition, the highest flux performance may also depend on the distance between two consecutive spacer filaments [26] . In the cavity and zigzag configurations, the spacer is in contact with part of the membrane and recirculation areas with low velocity will form (Fig. 4) . The permeate flux will therefore be reduced by a higher concentration polarization [27] . The detailed effect of polarization is explained in Section 3.3.
The average permeate flux values obtained from our simulations fall in the range of the values for full-scale brackish water desalination plants [3] . In the presence of a developing biofilm, the permeate flux decline follows the same trend for empty and spacerfilled channels. In average, in all studied cases, a minor flux decline is observed in the first period (up to ∼3 days in the simulated conditions; Fig. 8A ), when only small amounts of biomass are present corresponding to an initial colonization phase (Fig. 8B) . A second phase follows with a sharp decrease of permeate flux, correlated with an increase of the biomass amount in the channel. Finally, a quasi-steady state is reached for the flux value, as well as for the accumulated biomass. When approaching the steady state, fluctu- ations of the biomass amount in the channel will also affect the flux. These fluctuations are the result of major detachment events (sloughing).
A similar tendency in the flux decline (lag, sharp decline and plateau) was reported by Herzberg and Elimelech [9] in an experimental biofouling study in a flow cell without spacers, operated at constant feed pressure. The time scale of their observation was shorter (i.e., the steady state for flux decline was reached in 24 h) due to several reasons: the use of a fast-growing microorganism (Pseudomonas), an enhanced concentration of suspended biomass in the feed and possibly attachment and higher substrate levels. Although the trend in flux decline is similar for all simulated cases, the spacer presence and configuration affect the permeate flux (Fig. 8A) . Due to less biomass formation (higher shear stress) (Fig. 8B) , the submerged spacer leads to the highest fluxes compared with the other configurations.
The permeate flux obtained on the upper and lower membranes can be quite different (Fig. 8C) because of the spatially heterogeneous biofilm development (Fig. 8D) . For a cavity configuration most of the biomass is situated on the lower membrane (where the spacer is located) and very little on the upper membrane, due to the shear stress. The simulations clearly show that more biomass on the membrane leads to lower permeate flux.
Salt passage
It has been observed in practice that the salt rejection of the reverse osmosis membrane is altered during operation. Fouling may have an important influence in this sense. The observed increase of salt concentration in the permeate could be attributed to an enhanced salt passage through the membrane, but also to a "dilution effect" [9] . This effect means that if the amount of water that passes through the membrane declines and the amount of salt is constant, the salt concentration in the permeate will increase.
Simulations results show that the development of the biofilm in the channel increases the salt concentration in permeate (Fig. 9) . It is expected that a higher salt concentration near the membrane leads to a higher salt passage (see Eq. (8)). The lowest salt concentration is achieved for the submerged spacer configuration, for which also the least biomass developed in the channel. However, for the channel without spacers, although the amount of the biomass is slightly less than in the zigzag and cavity configurations, the salt passage appears to be more pronounced. Because the overall permeate flux for the empty channel is less than for the other two configurations, it may be possible to partly attribute the higher salt concentration in permeate to the "dilution effect".
Local effects of biofouling
Concentration polarization
One of the main concerns in reverse osmosis processes for brackish or seawater is concentration polarization, as this is recognized as an essential cause for flux decline. Concentration polarization (CP) is formation of a thin layer of concentrated solutes next to the membrane surface, which substantially decreases the permeation driving force by increasing the osmotic pressure.
Recently, two experimental studies [9, 10] highlighted possible biofilm effects on enhancing concentration polarization. However, none of the previous modeling studies accounted for the influ- ence of biofilm development on concentration polarization. We numerically evaluated the influence of biofilm formation on the concentration polarization for channels with and without various feed spacers.
A time-series of salt concentration profiles made in a biofilm colony shows that the thicker the biofilm the more salt accumulates (Fig. 10 , channel without spacer, at x = 1300 m in the direction y normal to the membrane). In the operation at constant feed flow rate, as the biofilm grows, the channel cross-section available for flow is reduced so that the fluid flow is accelerated and the mass transfer boundary layer thickness is expected to decrease. However, the enhancement of external mass transfer is minor compared with the increase of internal diffusion resistance given by the biofilm (Fig. 10) .
In the biofilm absence and in a channel without spacers, it is well known that the CP layer continuously increases in the main flow direction [30, 56] . If the channel contains spacers, our model results predict that a very high salt concentration develops at places where the spacer is in contact with the membrane (Fig. 11A and B) . Experimental studies [57] provided photographic evidence that the spots where the spacer is in contact with the membrane represent "deadlocks", i.e., very high salt concentrations are reached in those areas, which easily lead to scale formation. Our model results are consistent with conclusions of previous modeling studies indicating that the spacer has a dual effect. On one hand, it contributes to a disruption of the polarization layer, e.g., on a membrane opposite to the spacer, the CP layer is thinner (e.g., Fig. 11B, x = 6-7 mm) . On the other hand, an aggravation of the concentration polarization (Fig. 11B, x = 2 and 10 mm) occurs in the deadlocks [26, 27] .
The salt concentrations are increasing with increasing biofilm thickness in time (Fig. 11B) . This intensification of concentration polarization is immediately correlated to a decrease of local permeate flux (Fig. 11C) . The local flux decline, however, can be caused not only by the biofilm-enhanced concentration polarization but also by the extra hydraulic resistance of the biofilm layer. 
Hydraulic resistance
A biofilm layer adds an extra hydraulic resistance to transmembrane flow, to an extent depending on biofilm permeability. In a system with permeate production, a small part of the flow in the feed channel is directed through the biofilm towards the membrane surface. The flow through the biofilm and its magnitude are visualized by the streamlines presented in Fig. 4 . Although the typical velocity inside the biofilm (∼10 −5 m s −1 ) is small relative to that in the bulk liquid (∼0.1 m s −1 ), it is important to consider flow through the biofilm to calculate the pressure drop across the biofilm and to evaluate the importance of convective salt transport. The resulting pressure gradient in the biofilm layer, ∂p/∂y, will be much higher than along the feed channel, ∂p/∂x (Fig. 12) . However, it is worth noting that the pressure drop across the biofilm (∼0.15 MPa) represents only around 1% of the initial net driving force for the process (15 MPa), given the biofilm permeability used in this study.
To study the relative contribution of biofilm-enhanced concentration polarization and biofilm permeability on the permeate flux decline, we performed also simulations assuming that demineralized water is fed to the RO membrane system. If the feed contains no salt, the biofilm can only act on the local permeate flux through its permeability, as there is no more osmotic effect. Three biofilm structures grown in the channel without spacer after 3, 6 and 13 days were selected for comparison in Fig. 13 . Even with little biofouling (day 3), the flux is lower in the presence of salts due to the strong effects of concentration polarization. For a considerable biofilm thickness (max. ∼300 m, day 13), the flux in the presence of salts drops to only ∼50% from that obtained with demineralized water (Fig. 13) . Simulation results therefore suggest that with the current parameters, the biofilm-enhanced osmotic pressure has a far more important effect than the biofilm hydraulic resistance.
Feed channel pressure drop
The feed channel pressure drop may also contribute to the driving force decline along the channel. The largest pressure drop along the feed channel occurs in the spacer region (Fig. 14A) , where the hydraulic area is the narrowest, as expected and shown also in previous modeling studies (e.g., [23] ).
The change in time of total feed pressure drop over the 1.5 cm computational domain due to biofilm growth for different spacer geometries is shown in Fig. 14B . A constant flow rate was maintained in the inlet and constant pressure in the outlet. The feed pressure drop increases with an increasing biomass amount and it reaches a plateau value when the biomass attains the steady state. The spacer configurations used lead to marked differences: the submerged spacer promotes the least biofilm growth due to the high shear, but it leads to the highest feed channel pressure drop. Less biofouling thus may come at the price of more energy input in the membrane device. As expected, for the channel without spacers the pressure drop is the lowest.
The channel length simulated in this study is only 1.5 cm, so the feed pressure drop is relatively low. However, because (at least for uniformly fouled channels) the overall pressure drop should be proportional to the length of the channel this effect can become significant for long channels. In practice it has been noticed that membrane devices are not uniformly fouled. The most severe biofouling is initiated in the first membrane sections, spreading then gradually along the membrane length as the Fig. 12 . Example of calculated pressure drop across the biofilm after 9 days for a channel with submerged spacers. . Even with little biofouling (day 3), the flux is lower in the presence of salts due to the effects of concentration polarization on the effective driving force for the process by increasing osmotic pressure. For a considerable biofilm thickness (day 13), the flux in the presence of salts is only ∼50% from that obtained from demineralized water. The effects of biofilm-enhanced concentration polarization appear to be more significant than those of biofilm hydraulic resistance in the desalination of brackish water.
biofilm detaches and colonizes further downstream sections [4] . Applying therefore this model on several connected membrane segments situated at different positions along the membrane module could provide useful insight on the spatial biofilm distribution along the module, and on overall effects of biofouling on module performance.
Discussion
The model presented in this article is the first to describe numerically the micro-scale effects of biofilm growth in a reverse osmosis desalination module on: trans-membrane (permeate) flux, salt passage and feed channel pressure drop. The maximum driving force (Fig. 12). (B) Comparison of feed channel pressure drop evolution due to biomass growth in channels without spacer and with zigzag, cavity or submerged spacers. The pressure drop is calculated over the whole domain length of 15 mm. The pressure drop for zigzag and cavity spacers develops almost identically.
for obtaining permeate flux is the pressure difference between the feed and permeate channels, which has to overcome the membrane hydraulic resistance. For salty water the driving force is diminished by the osmotic pressure created by concentration polarization. Furthermore, the biofilm may cause a triple detrimental effect: reducing the driving force by (i) decreasing the feed pressure along the channel and (ii) enhancing the osmotic pressure by concentration polarization, and increasing the overall hydraulic resistance by (iii) introducing an additional hydraulic resistance to that of the membrane.
Concentration polarization and biofilm permeability
The model results suggested that, for brackish or seawater desalination, the contribution of biofilm-enhanced concentration polarization on the permeate flux decline may be significantly larger than the contribution of biofilm-reduced permeability.
In principle, diffusion of salt and substrate is not very much affected by the biofilm, compared with the diffusion in pure water. Experimental studies have shown that the diffusion coefficients for small molecules (e.g., O 2 , NaCl, acetate) in the biofilm are usually not smaller than 70% of those in water [44, [58] [59] [60] . Therefore, the main role of the biofilm is to increase the thickness of the diffusiondominated layer near the membrane. By hindering the liquid convection in the direction parallel to the membrane and increasing the diffusion length towards the membrane, the biofilm very significantly increases the concentration polarization layer. A question remains whether the biofilm growth actually benefits from the higher substrate concentration resulting from the polarization phenomenon. The effect of substrate accumulation near the membrane on biofilm growth will be presented in a forthcoming study.
Although for the concentration polarization the physical assumptions are quite well established, the biofilm hydraulic permeability remains a controversial issue in spite of a few experimental reports. The biofilm hydraulic permeability depends on the relative content of bacterial cells and gel-like polymeric matrix (EPS) embedding the bacterial cells [8] . Our model simulations used biofilm permeability values currently available in the literature for biofilms containing both cells and EPS [8, 39, 42] . Therefore, we consider that, qualitatively, the modeling results from this study (for brackish water) are valid as they were obtained within a reasonable range of hydraulic permeability values. For a fresh surface water treatment plant, the feed does not contain so much salt. In that case, less biofilm-enhanced concentration polarization effects are expected and the biofilm hydraulic resistance will have a higher relative importance for the flux decline.
It is not clear yet what is more harmful in terms of flux decline: a more impermeable or a permeable biofilm? A more permeable biofilm could also lead to less flux because of an increased concentration polarization. Whether this flux decrease is significant relative to the decrease due to concentration polarization needs to be evaluated from a future parametric study. Nevertheless, the necessity for reliable measurements of biofilm/cells/EPS permeability remains. Even though the effect of biofilm composition on permeability is not completely elucidated, it is clear that an increased biofilm thickness affects the flux decline. Because the biofilm thickness is determined by the balance between growth and detachment rates, the model also underlines the necessity of better measurements of other important parameters, such as the biofilm mechanical properties (e.g., cohesion strength or threshold stress for detachment, viscoelasticity and elasticity modulus).
Spacer importance
Often, experimental studies on biofouling are performed in flow cells without spacers [9, 10, 61] , emphasizing the role of biofilmenhanced concentration polarization, but neglecting the potential role of spacers in biofilm formation and reverse osmosis processes. Similarly, many numerical studies modeled concentration polarization effects and other aspects in reverse osmosis feed channel in the absence of a spacer [14, 62] . Recent experimental studies pointed however to the importance of spacers for biofilm development [11, 17, 23] . Several numerical studies included the presence of spacers [18] [19] [20] 22, 27, 31] with an emphasis on studying the flow pattern and mass transfer in the feed channel. Although these studies provide a good basis for a mathematical model of the reverse osmosis process, there was a need to develop a numerical model that could describe biofilm growth and its effects in a spacer-filled channel. Our results indicate that the spacer presence and configuration have an important influence on the RO performance when a biofilm develops in the feed channel. Because the spacer effect is significant, a proper scale-down of the RO system needs to include spacers in order to correctly estimate the effects of biofilm development on the membrane module performance (permeate fluxes, salt passage and feed channel pressure drop).
Interestingly, we found that among the feed channel geometries used in this study, the submerged spacers were the most favorable in terms of both permeate flux and salt concentration in the permeate. As a trade-off, compared with other configurations, submerged spacers lead to larger feed channel pressure drop and thus to more energy consumption. The spacer fibers placed half way between the two membranes leaves clearly reduce biofilm development by promoting high shear and, consequently, more biomass detachment. However, by using 2-d geometry the potential impact of the spacer filaments parallel to the flow ("axial filaments") was not considered. For certain geometries, it has been shown by [28] that axial filaments do not significantly influence the flow pattern in a parallel 2-d plane if that plane is situated "far enough" from the filaments. Obviously, the flow cannot be well approximated by using 2-d geometry in the region near the axial filaments or when the flow attack angle is at 45 • (e.g., diamond spacer configuration).
The strong effect of the spacer on the system behavior urges to use realistic spacer geometries for numerical studies (see also [23] ). With the modeling approach developed in this study different spacer and feed channel geometries could be evaluated in respect to their potential biofilm formation. The model could be used as a tool to optimize the spacer design and membrane device construction and operation with reduced impact of biofilm accumulation on plant performance.
Further model development and use
The model presented here can be easily adapted for other feed quality and operational parameters, allowing thus an estimation of biofilm effects on process performance under different conditions. In addition, the effectiveness of biofilm backwash could also be studied using the model.
Even though the simulations performed in this work were in two spatial dimensions, they could contribute to the qualitative understanding of interactions between different processes occurring during biofouling of a reverse osmosis channel. When considering 2-d geometry, the changes in flow velocity, pressure, solute concentrations and biomass in the z-direction are fully neglected. This simplification may affect not only local permeation rates but also global performance parameters. In addition, the 2-d geometry does not allow the description of preferential flow channels and its consequences [23, 25] . Numerical results from this 2-d study should therefore be translated with care to real 3-d applications. It is obvious that an increase of geometric complexity (e.g., 3-d simulations) is needed to obtain a better quantitative comparison with experimental measurements. Although simple in principle, the model extension to three dimensions will require significant adaptations of the numerical approach, so that a good compromise can be reached between accuracy of the results and the massive computing requirements.
Conclusions
A two-dimensional numerical model based on fundamental transport equations was created to study the local and macroscopic effects of biofouling in a reverse osmosis membrane device. The mechanistic model explains several experimental observations, most importantly the loss of permeate flux and the increase of salt passage in time due to biofilm formation.
Due to balanced biofilm growth and detachment a maximum attached biomass amount can be reached, leading to a quasisteady state for the flux, as observed experimentally. The interplay of biomass growth with detachment also shows why the spatial biofilm distribution in the feed channel is irregular and suggests the places where most biomass accumulation is expected and the mechanisms by which the biofilm is streamlined by the erosive action of the flow.
It was found that the spacer configuration plays a significant role on the amount of biomass formed in the channel and, consequently, on the average permeate flux and salt passage. The submerged spacer gave the best performance among the studied geometries.
Three mechanisms by which the development of a biofilm in a RO membrane device contributes to the flux decline and increased salt passage into permeate were identified: (i) biofilm-enhanced concentration polarization; (ii) increased hydraulic resistance to trans-membrane flow; and (iii) increased feed channel pressure drop. Among these, for brackish water and within the range of parameter values reported in the literature, the biofilm-enhanced concentration polarization seems to have the most influence on the permeate flux decline.
The developed model could be used as a tool to further investigate the effect of process conditions on biofilm formation and to optimize the membrane device construction and operation.
Supplementary material
Additional data and animations of simulated biofilm development can be obtained from: http://www.biofilms.bt.tudelft. nl/Biofouling2/index.html.
